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ABSTRACT
With the constantly decreasing silver reserves and
correspondingly higher costs, film manufacturers are contin
ually searching for methods to reduce the amount of silver
that is used. By using closely controlled conditions of
temperature and saturated salt solutions to provide control
of relative humidity during drying of processed x-ray film,
it was found that the covering power may be as low as 70$
of its maximum value depending on the conditions used for
drying the film. The highest values for covering power
existed when the film was dried at low temperatures and high
relative humidities or high temperatures and low relative
humidities. The lowest values existed when both the temper
ature and relative humidity conditions together were either
high or low. These results are promising in that high
temperatures and low relative humidities can yield maximum
covering power values while also providing the fastest pos
sible rate of drying.
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INTRODUCTION
Several factors during the processing of photographic
films affect the final density that it achieves. Some of
the factors that have been studied include developer compo
sition, developer temperature, development time, wash water
temperature and wash time. As these factors become more
evident, a more efficient use of silver in photographic film
will be possible. A term more important than density to
photographic emulsion manufacturers is "covering power".
This is defined as a ratio of the optical density of a pho
tographic emulsion to the mass of silver per unit area. The
mass of silver is usually specified in grams per square
decimeter or 100 square centimeters.
One of the areas in which little research had been done
was that of after processing film drying. It was believed
that varying temperature and relative humidity during dry
ing could result in different covering power values. The
purpose of this research was to test whether the drying
temperature and relative humidity did have an effect on
covering power. The research was carried
out by drying
different types of film at various degrees of temperature
and relative humidity. Covering power values were then
measured, and correlations between the different films were
analyzed. The general aim of this project was to see if an
optimum drying temperature and relative humidity combination
existed that would yield the highest covering power value.
This type of information will be helpful in reducing
the amount of silver usage in each piece of film without
altering its sensitometric properties. As the world's sil
ver reserves continue to decrease and costs continue to rise,
any method that will lower silver emulsion coating weights
is needed. This is especially true in radiographic emulsions
which contain greater amounts of silver than pictorial films.
A radiographic emulsion may contain greater than 12 grams of
silver per square meter while a black and white pictorial
film contains 4 to 5 grams of silver per square meter.
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1. Francis, R., Photographic Chemistry Notes,
Vol. 1, p. 3k.
BACKGROUND
As stated previously, several factors during film
processing cause variations in the covering power of silver -
Temperature and composition of the developer affect the





have shown that developer temperature is a
major factor in the covering power of silver. Nepela found
that the temperature dependence is due to mechanical pro
perties of the gelatin. The major factor found was the
temperature dependence of intermolecular hydrogen bonding of
the gelatin. Hydrogen bonding is a determining factor in
emulsion swell characteristics. Nepela concluded that an
increased developer temperature leads to an increased cover
ing power value. James and Fortmiller found the following
to be important variables in determining silver covering
power: (l) The size of the silver particles for
nonfilamen-
tary silver. For sufficiently small particles such as
2. Nepela, D. A., "Effect of Development Temperature on
Covering Power of a Developed Silver Image", Photo
graphic Science and Engineering, Vol. 5, (196l),
p. 305-
3. James, T. H. and Fortmiller, L. J., "Dependence of Cover
ing Power and Spectral Absorption of Developed
Silver on Temperature and Composition of the Devel
oper,"
Photographic Science and Engineering, Vol. 5,
(1961), p. 297-
k
colloidal silver, density may be proportional to the mass of
the particles. For larger particles, covering power decreases
with increasing particle size. (2) The size of the devel
oped silver grain and the degree of development when the
silver is predominantly in the filamentary form. When an
increase in degree of development produces primarily an
increase in the number of developed grains without signifi
cant change in size, the covering power does not change sig
nificantly. When an increase in the degree of development
produces an increase in the extent of development of the
individual grains, the covering power generally decreases.
(3) The relative compactness of the filamentary silver. (k)
The relative amount of solution physical development involved
in the formation of the silver- Solution physical develop
ment results in the plating of silver on previously formed
grains with only minor increases in optical density. Thus,
the trend is a decrease in the covering power. (5) When the
silver is not spectrally neutral, covering power depends on
the wavelength of the measuring light. The dependence of
covering power on developer was
found to decrease signifi
cantly with increasing emulsion hardness.
Other factors were also found important in the covering
power of silver. Sheppard and
Ballard^-
discovered that




Vol. 205, (1928), p. 659-
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covering power decreases as the time of the development in
creases. The decrease is attributed to the increase in the
average size of the developed silver particle with only
slight increases in the optical density as development time
is increased. Moore-5 states a dependence of silver covering
power on the temperature and humidity conditions during
exposure. There is no reliable information as to the magni
tude of the effects, and no work has been done to distinguish
between the magnitude of each factor. It is generally known,
however, that the speed of a photographic material decreases
rapidly with increasing humidity.
White found a correlation between drying conditions and
photographic density for a positive motion picture film. The
effect is attributed to the degree of softening of the gel
atin during drying. Previous to White's work, other workers
found that slow drying in warm air produces an increase in
optical density. White was able to show density and contrast
variations on the order of 25$ for samples dried between
72
and 100F and 36$ to 80$ relative humidity. Generally,
higher temperatures and higher humidities give greater den
sities than lower values according to White. The higher
densities result when drying takes place under such conditions
5. Moore, G. S., "Precautions in Practical Sensitometry,
"
Photographic Journal, Vol. 71 1 (1931). P- ^03.
6. White, D. R., "Drying Conditions and Photographic
Density,"
Journal of the Society of Motion Picture Engineers,
Vol. 19, (1932), p. 3^0.
to soften the gelatin during the process. At low humidities,
the cooling is great enough to keep the gelatin firm even at
higher temperatures. With high relative humidities, the
cooling is not as great and a corresponding softening of
the gelatin takes place. White also did work on the effect
of drying rate by changing samples from moving to stagnant
air at 72F. No significant variation was seen in the final
optical density under these conditions. Further work pro
gressed in the area of wash water variations. Images were
washed in water of different temperatures before drying and




confirmed the conclusions of
White, but also suggested two opposing effects that occur
during drying. In the wet swollen gelatin, multiple inter
nal reflections occur between neighboring grains, and thus
scattered light emerges. The first effect of drying that
produces an initial increase in density is reversible. This
is due to the initial contraction of the gelatin, which causes
the grains to approach one another at right angles to the
base. This reduces the amount of internally reflected light
that escapes, and thus increases the density. The initial
effect is shown in Figure 1. The second effect is irrever
sible, and leads to a decrease in density. This effect is






Photographiques, Vol. Ik, (19^3) P- 2^1 .
WET
DRY
Figure 1 . Change of Density on Drying
8
also due to contraction of the gelatin. However, the ex
treme compressive forces of the gelatin during this stage
lead to a compression of the silver grains. The particles
in this compressed state are more reflective and less ab
sorptive of light. Thus, the more compressed silver par
ticles yield a lower density.
Q
Work of Blake and Meerkamper confirmed the hypothesis
of Pinoir. By using a specially constructed dryer-densi-
tometer which allows continuous observation of the optical
density of a film sample during drying under variable but
closely controlled conditions of air flow, dry bulb and wet
bulb temperature, they were able to show that density in
creases during the initial stages of drying and then sharply
decreases below the original wet density. As shown in
Figure 2, the original density increase, to the point where
the film becomes tacky, is reversible. After further drying,
the decrease in density cannot be reversed.
The conclusions of White, Pinoir, and Blake and
Meerkamper are enlightening. However, much emulsion research
has developed since these experiments. With the new emul
sion technology, and particularly with the large differences
between x-ray and motion picture film, more investigation
into the effect of drying conditions on the covering power
8. Blake R. K. and Meerkamper, B., "Developed Image Struc
ture,"





















of silver was necessary. Therefore, the hypothesis tested
in this research project was that the temperature and relative
humidity conditions during the drying of processed x-ray
films have a significant effect on the final covering power.
This effect is believed to be primarily due to the rate of
shrinkage of the gelatin. In order to test the hypothesis,
all factors during processing had to be absolutely controlled
as each may also affect the final covering power values.
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PROCEDURE
Film Exposing and Processing
Three different x-ray films were donated for use in the
project by the Dupont Company. These films were Cronex k,
Cronex 6, and NDT-55- All films were exposed with a 15 watt
bulb at a distance of 78 inches from the film. Maximum
density was the only parameter that was studied. Therefore,
the film was given an open gate exposure over a 3 inch by 6
inch area, and an exposure through a .20 ND Kodak gelatin
filter over the remaining 3 inch by 3 inch area. This was
necessary to determine maximum exposure without solarization.
The illuminance was determined to be uniform over the entire
9 inch by 3 inch area. Since the films were coated on both
sides, an equal exposure was given to each side. A special
contact frame was set up to allow the film to be registered
on both sides with the neutral density filter- An exposure
series was run to determine the proper exposure to yield a
maximum density. The exposure was determined as 12 seconds
for each side for both the Cronex k and Cronex 6 films.
The NDT-55 film had a much higher maximum density than
the other two films, and this presented a problem. As den
sities were read using the MacBeth TD-504 densitometer with
a 2 mm. aperture, the density value was always 4.85. A
12
density patch of 2.22 and one of 3. 17 were then sandwiched
and read on the densitometer. Rather than a value of 5.39
for the additive densities, the value was again k.85. This
led to the conclusion that the densitometer was becoming
saturated. A 3 mm. aperture with the maximum light intensity
was then used on the densitometer in an attempt to alleviate
the problem. Although this allowed higher densities to be
read, it still saturated below the maximum density of the
NDT-55 film. At this time, the NDT-55 was eliminated from
the study because of this problem. The other alternative
was to work with lower densities for this film, but this
would have left room for greater variations due to the pro
cessing effects.
The film was processed in Dupont 's XMD developer and
XMF fixer. These are designed for machine processing at
92F. Processing times at this temperature are 30 seconds
development and kO seconds fixation. It is difficult to
maintain control at this elevated temperature without elabo
rate temperature baths, and agitation in manual processing
is non-uniform for this short period. Therefore, the tem
perature for all steps was reduced to 70F 1F. The RIT
tray rock agitation with 8 inch by 10 inch trays was used
with the samples being turned every 30 seconds to provide
uniform agitation to both sides. The development time was
6 minutes -2 seconds. This was followed by a 10 second
water wash and a 5 minute -2 seconds fixation. The samples
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were then washed for 30 minutes -30 seconds. The Cronex k
and Cronex 6 were processed simultaneously for each trial
that was run.
Temperature and Relative Humidity Control
A Precision Scientific forced air oven was used to dry
the samples. The most convenient method of relative humidity
control was with the use of different saturated salt solutions .
Salt solutions have different vapor pressures, and therefore
establish various relative humidities when in a closed con
tainer-"' * These relative humidities may or may not show
a dependence on temperature. Table 1 shows the salts used
along with their respective temperatures and relative humid
ities and their solubility in water at 100C. The solutions
were prepared by dissolving the stated amount in distilled
water at 100C. A 200 ml. solution was prepared in each
case .
A thermometer was placed in the top of the dryer to
monitor the temperature. The forced air system provided
very good temperature uniformity
within the oven. A





Engineering Chemistry, (19^9). p. 2014.
10. Wexler, A. and Hasegawa, S., "Relative Humidity-Temper
ature Relationships of Some Saturated Salt Solutions





Research of the National Bureau of Standards, Vol.
1, No. 53, (195k), p. 19.
Ik
Table 1 . Relative Humidities Due to Various Salt Solutions
Salt Temperature (C) % Rel. Hum. Solubility(g/l00ml)
MgCl2 35 33 72.7
MgCl2 56 31 72.7
Na2Cr20?-2H20 30 5k 508.
Na2Cr207*2H20 k5 5k 508.
Na2Cr20r;,2H20 60 55 508.
(NH4)2S0^ 35 80 104.
KC1 56 81 56.7
KoSOz. k5 96 24.1
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Cole-Parmer calibrated dial hygrometer was used to monitor
the relative humidity. This instrument was certified to
-2$ relative humidity. Relative humidity control in the oven
proved to be a major problem primarily due to the poor seal
ing of the seams. Initially, a tray of water was placed in
the oven and the relative humidity was read several hours
later. The relative humidity was 98$ when the oven blower
was not operating. However, when the blower was functional ,
the relative humidity was only 20$. The motor housing was
then sealed as a first attempt to alleviate this problem.
The result was an increase to 30$ relative humidity. The
insulation between the interior and exterior surfaces was
found to be damp, and it was concluded that the blower was
forcing air out through the seams of the dryer- At this
point, the blower was disconnected and all interior seams
were sealed with a windshield gasket material while all
vent holes were covered with duct tape. A 95$ relative
humidity was achieved with this set-up. However, without
the blower operating, there was a large temperature gradient
between the top and bottom of the cabinent. Finally, a
small 3 inch fan was placed inside the cabinent above the
heating coils. This restored the air
flow and provided uni




For each film type tested, nine different temperature
and relative humidity combinations were used. These combi
nations are shown in Table 2 along with the number of
replicates of each combination. These humidities were ac
hieved with the salt solutions shown previously. The highest
humidity trial was obtained with pure water. The combinations
shown provide five different levels of both temperature and
relative humidity. This allows for the calculation of a 2
factor second order regression equation to relate the cover
ing power to the temperature and relative humidity. The
trial that was replicated 4 times would normally give a
sufficient estimate of error, but greater variability was
expected at the temperature and relative humidity extremes.
Therefore, they were also replicated.
Table 2. Experimerital Runs Fol lowing a Composit*5 Design
Trial No. Temperature (C ) ^_ Rel. Hum. Replicates
1 45 11 2
2 35 33 1
3 56 31 1
4 30 54 2
5 45 54 4
6 60 55 2
7 35
80 1
8 56 81 1
9 45 96 2
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Covering Power Analysis
After all of the samples were exposed, processed, and
dried at the various conditions for 45 minutes, the densities
were read on each of the samples. Measurements were taken
at 5 different locations on each sample, and an average
density was calculated for each. The largest variation to
occur on any of the samples was .08 density units.
Kodak Method No. 1205 D, "Potentiometric Determination
of Silver in Fixing Baths", was first used to determine the
amount of silver in each sample. A one square cm. punch was
used to remove a uniform area from the center of the sample.
This sample was then placed in a Kjeldahl flask and concen
trated nitric and sulfuric acids were added. The solution
was then heated until dense white fumes were liberated from
the flask. The solution was then buffered with ammonium
hydroxide and the silver was titrated potentiometrically
with a 0.0010 N potassium iodide solution. A Beckman Research
pH meter with a silver bar electrode and a calomel electrode
with a saturated potassium nitrate solution was used for the
titration. The amount of potassium iodide added was plotted
against the millivolt reading on the meter- A sample plot
is shown in Figure 3- The endpoint was determined as the
inflection point on the curve . The grams of silver in each
sample were calculated by the following equation:
grams of silver = (ml KI added)x(N KI)x(1080)













ml of 0.0010N KI
Figure 3. Example of Potentiometric Titration of Silver
19
This method for silver determination required extremely
long periods of time. The dense white fumes were not liber
ated in less time than 45 minutes. Therefore, another
method for removing the silver from the base was used. This
method that was used could not be found in the literature,
but it proved to be very accurate and it yielded the same
results as the Kodak method. Rather than placing the film
sample in the nitric and sulfuric acids, it was simply
placed in nitric acid that was diluted one to one with water.
After moderate stirring and 3 seconds, the silver was dis
solved from the base. This was then buffered with ammonium
hydroxide and potentiometrically titrated as in the previous
Kodak method. After all of the samples were titrated, the





The Cronex 4 film contained an average of 5-118 grams of
silver per square meter- The Cronex 6 film contained an
average of 7.051 grams per square meter.
20
RESULTS
When all of the covering power values were obtained,
the data were plugged into a stepwise regression program of
the Statistical Package for the Social Sciences (SPSS) . The
data were entered in a form to provide a 2 factor second
order equation relating covering power to temperature and
relative humidity. Two statistics were watched as the com
puter stepped through the variables. These were the correl
ation coefficient (R2) and the standard error- The correl
ation coefficient tells how much of the total variability
is explained by an equation, while the standard error is a
measurement of the amount of error existing in that equation.
Therefore, the best equation was that with the highest
R2
value (perfect correlation = 1.0) and the lowest standard
error value. An analysis of variance was also run to deter
mine the significance of the individual terms. The equations











Figures 4 and 5 are response surface plots of these
equations where the lines plotted are lines of equal response
for the dependent variable covering power. Along with these
values, the corresponding density values have also been
shown. Both plots show that maximum values of covering
power are obtained with drying conditions of 25C or less
with relative humidities between 60 and 90$. The high values
are also obtained at temperatures above 60C with relative
humidities below 25$. The lowest values for covering power
occurred when both temperature and relative humidity values
were high or when both temperature and relative humidity
values were low. In the region tested, the Cronex 4 showed
a covering power range of 44 to 62 with a corresponding
density range of 2.25 to 3- 17- The Cronex 6 showed a cover
ing power range of 32 to 45 with a corresponding density
range of 2.26 to 3-17.
In Figure 6, the covering power values of both the
Cronex 4 and the Cronex 6 have been normalized and plotted
in the same manner. This plot shows that in the temperature
range of 20C to 65C and the relative humidity range of 10$
to 90$, the covering power may vary from 70$ to 100$ of its






































Figure 5. Temperature and Humidity vs. Covering Power
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Figure 6. Temperature and Humidity
vs. Norm. Covering Power
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Conclusions
This work has shown that the temperature and relative
humidity conditions during drying significantly affect the
final covering power of an x-ray film. For both films tested
the highest values of covering power occurred with low tem
peratures and high relative humidities. This result is not
encouraging when rapid access processing is considered.
However, comparable values for covering power also occur at
high temperatures and low relative humidities which becomes
very favorable for rapid access processing since these con
ditions also yield the fastest possible drying times. The
problem that could occur here is finding a method to maintain
low relative humidities as the film samples are liberating
water vapor into the drying cabinent.
Most processors of x-ray film today operate at higher
temperatures and relative humidities where only 70$ of the
maximum possible covering power is
obtained. If the water
vapor that is liberated during drying of film can be removed
from the drying chamber so that relative
humidities below
25$ can be maintained, the
emulsion manufacturers should be
able to reduce their silver usage by 30$ and still obtain
the same values of covering power
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